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Abstract

Background: Patients with human papillomavirus–related oropharyngeal cancers have excellent outcomes but experience
clinically significant toxicities when treated with standard chemoradiotherapy (70 Gy). We hypothesized that functional
imaging could identify patients who could be safely deescalated to 30 Gy of radiotherapy. Methods: In 19 patients, pre- and
intratreatment dynamic fluorine-18-labeled fluoromisonidazole positron emission tomography (PET) was used to assess tu-
mor hypoxia. Patients without hypoxia at baseline or intratreatment received 30 Gy; patients with persistent hypoxia received
70 Gy. Neck dissection was performed at 4 months in deescalated patients to assess pathologic response. Magnetic resonance
imaging (weekly), circulating plasma cell-free DNA, RNA-sequencing, and whole-genome sequencing (WGS) were performed
to identify potential molecular determinants of response. Samples from an independent prospective study were obtained to
reproduce molecular findings. All statistical tests were 2-sided. Results: Fifteen of 19 patients had no hypoxia on baseline PET
or resolution on intratreatment PET and were deescalated to 30 Gy. Of these 15 patients, 11 had a pathologic complete
response. Two-year locoregional control and overall survival were 94.4% (95% confidence interval ¼ 84.4% to 100%) and 94.7%
(95% confidence interval ¼ 85.2% to 100%), respectively. No acute grade 3 radiation–related toxicities were observed.
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Microenvironmental features on serial imaging correlated better with pathologic response than tumor burden metrics or cir-
culating plasma cell-free DNA. A WGS-based DNA repair defect was associated with response (P¼ .02) and was reproduced in
an independent cohort (P¼ .03). Conclusions: Deescalation of radiotherapy to 30 Gy on the basis of intratreatment hypoxia
imaging was feasible, safe, and associated with minimal toxicity. A DNA repair defect identified by WGS was predictive of
response. Intratherapy personalization of chemoradiotherapy may facilitate marked deescalation of radiotherapy.

Human papillomavirus (HPV)–related oropharyngeal cancers
(OPCs) have molecular features and etiology distinct from those
of smoking- and alcohol-related head and neck cancers (HNCs)
(1-3). Concurrent cisplatin chemotherapy and 70 Gy of radiation is
the mainstay of treatment for patients with HPV-related OPCs
and results in excellent outcomes (4,5). Preclinical and clinical
studies demonstrate that these tumors are exquisitely sensitive
to chemoradiotherapy, with most patients cured of disease (5-7).
Many patients, though cured, suffer from clinically significant
acute and late treatment-related toxicities (8,9). Current deescala-
tion approaches include modest reduction of the radiation dose
in chemoradiotherapy (10), replacement of cisplatin with an al-
ternative systemic therapy (11,12), elimination of chemotherapy
or reduction of the radiation dose after trans-oral robotic surgery
(13,14), and use of the response to induction chemotherapy to
guide radiation dose and tumor target volume (15-17).
Unfortunately, the radiation deescalation pursued in many of
these studies is modest, given the general concerns about its det-
rimental impact on patient outcome, and has not resulted in a
statistically significant reduction in toxicity (11,12).

HPV is known to deregulate the DNA damage response
(DDR), which has been posited to mediate the radiosensitivity of
HPV-related cancers (6,18-22). Amplification of the HPV viral ge-
nome often results in aberrant DNA structures, which leads to a
dysregulated response from the DDR machinery (23,24). Further,
E7 directly interacts with members of the DDR and decreases
the efficacy of double-strand break (DSB) repair by nonhomolo-
gous end-joining (22,25). Consistent with this notion, in other
HPV-related malignancies, such as anal cancer, 30 Gy and che-
motherapy can result in a 95% rate of cure (26). Additionally, tu-
mor hypoxia has been known to mediate radiation resistance
(27), resulting in poor outcomes in multiple malignancies, in-
cluding HPV-related OPCs (28-30). We have demonstrated that
tumor hypoxia can be robustly measured in HNCs with
fluorine-18-labeled fluoromisonidazole positron emission to-
mography (18F-FMISO PET) (31,32). We also previously reported
the feasibility of hypoxia assessment using functional imaging
with 18F-FMISO PET for HPV-related OPC patients undergoing
chemoradiation, and successfully deescalated radiation dose to
60 Gy for those whose tumors did not demonstrate hypoxia
(31,32).

Here, we report on an expansion cohort that investigates the
feasibility of using hypoxia imaging to identify patients with ra-
diosensitive OPC who may be able to receive a nearly 60% lower
dose of radiotherapy from a standard dose of 70 Gy to a deesca-
lated dose of 30 Gy. We hypothesized that 30 Gy of chemo-
radiotherapy delivered before neck dissection would lead to a
high rate of pathologic complete response (pCR) in patients who
lacked radiological features of tumor hypoxia at diagnosis or dur-
ing treatment. Further, to derive new biologic premises to guide
future deescalation efforts, we performed hypothesis-generating
analyses based on whole-genome and transcriptome sequencing
as well as longitudinal functional imaging analysis. The results of
these analyses were further tested in an independent prospective
cohort of HPV-related OPC patients receiving low-dose adjuvant
radiotherapy with concurrent chemotherapy.

Methods

Trial Design

Patients with T1-2, N1-2b (American Joint Committee on Cancer
Staging Manual, 7th edition) (33), p16-positive (�70% nuclear
and cytoplasmic staining; Ventana Medical Systems) tumors of
the tonsil, base of tongue, glossotonsillar sulcus, or an unknown
primary were prospectively enrolled on an expansion cohort
from July 2015 to October 2016 (ClinicalTrials.gov number
NCT00606294; Cohort 2) at Memorial Sloan Kettering Cancer
Center (MSK). All patients were discussed at our multidiscipli-
nary OPC conference before enrollment on our institutional re-
view board–approved protocol. Patient consent was obtained for
every patient. Eligible patients were candidates for platin-based
chemotherapy with a primary tumor deemed to be resectable.

Patients first underwent resection of the primary tumor
(Supplementary Figure 1, available online). Neither robotic sur-
gery nor obtaining a negative margin was mandatory.
Ipsilateral tonsillectomy and a core biopsy of a cervical lymph
node were required for unknown primary tumors. Two to
4 weeks after surgery, patients underwent fluorodeoxyglucose
PET or computed tomography–based simulation for radiation
planning. This was followed by a 18F-FMISO PET to evaluate pre-
treatment hypoxia status of lymphatic disease in all patients.

Patients with pretreatment hypoxia on 18F-FMISO PET
underwent a repeat intratreatment 18F-FMISO PET 5 to 10 days
after the start of chemoradiotherapy. Patients without pretreat-
ment hypoxia or patients with intratreatment resolution of hyp-
oxia on intratreatment imaging received 30 Gy in 15 daily
fractions to gross nodal disease, postoperative tumor bed, and
all microscopic regions deemed to be at risk, with 2 cycles of cis-
platin at 100 mg/m2. For noncisplatin patients, carboplatin with
an area under the curve of 1.25 intravenously daily � 4 days (to-
tal dose of area under the curve of 5) and 5-Fluorouracil at a
dose of 600 mg/m2 intravenous infusion (total of 2400 mg/m2 in-
travenous infusion over 96 hours) were given on days 1 and 22
(34). Chemotherapy dose reductions were not permitted for
patients receiving 30 Gy. Patients with evidence of persistent
hypoxia on intratreatment 18F-FMISO PET were treated to 70 Gy
(Supplementary Figure 1, available online).

Patients were assessed monthly until 3 to 4 months after the
end of chemoradiotherapy; at this time, a fluorodeoxyglucose
PET or computed tomography was obtained to assess response,
followed by a mandatory selective neck dissection to ensure
pathologic eradication of disease. Histologic assessment of neck
dissection specimens was made by the study pathologist (N.K.),
and response (fibrosis, necrosis, inflammation) was quantified
for cases with residual disease. Patients were subsequently fol-
lowed every 3 to 4 months thereafter.

Assessment of Tumor Hypoxia by 18F-FMISO PET
Imaging

Absence of pretreatment hypoxia or intratreatment resolution
of hypoxia was deemed to indicate radiosensitivity and
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qualified a patient for deescalation (31). Dynamic PET acquisi-
tion for a 15-cm field of view started simultaneously with the
intravenous bolus injection of 18F-FMISO (8-10 mCi). These ini-
tial dynamic images were obtained for a total of 30 minutes (31).
The last 15 minutes were summed into 1 static image for re-
view. Additional static images were obtained approximately
150 minutes after injection of radiotracer. Determination of the
presence or absence of hypoxia was made on the basis of visual
inspection and in accordance with the well-established tumor–
muscle activity ratio (>1.2) on the late static 18F-FMISO PET im-
age by 1 nuclear medicine physician (H.S.) (19). Dynamic scans
were used to perform compartmental analysis (Supplementary
Methods, available online) (35).

Magnetic Resonance Imaging (MRI)

MRI examinations were performed on a Philips 3 T MRI scanner
(Ingenia, Philips Healthcare, the Netherlands) using a neurovas-
cular phased array. Images were obtained pretreatment, weekly
during therapy, and at 1, 2, 3, and 4 months after radiotherapy.
Diffusion-weighted images and dynamic contrast enhanced-
MRI imaging were also obtained (Supplementary Methods,
available online).

Statistical Analysis

Using the decision rule that at least 10 patients are alive with
follow-up and have a pCR at 4 months after chemoradiotherapy,
we estimated that 14 eligible patients for deescalation would be
deemed feasible for further study (Supplementary Methods,
available online). To account for attrition, we assumed approxi-
mately 25% of the enrolled patients would not undergo deesca-
lation. Therefore, we recruited 19 patients up front but counted
only the first 14 patients toward the decision rule. Data for all
analysis were locked on September 17, 2019.

Genomic Analysis

Tumors were harvested in fresh RPMI 1640 media after primary
resection and was immediately embedded in optimal cutting
temperature compound and stored at �80�C. Each histologic
specimen was reviewed by a board-certified pathologist (N.K.).
To obtain high-purity tumor, specimens were microdissected
under a stereo microscope before DNA and RNA extraction as
previously described (36). In cases where insufficient material
was obtained from frozen specimens, formalin-fixed, paraffin-
embedded specimens were used instead. Mutation detection
was conducted using our validated pipeline (Supplementary
Methods, available online) (36). RNA sequencing was performed
using the transcriptome capture process on an Illumina TruSeq
RNA kit in accordance with the manufacturer’s protocol
(Supplementary Methods, available online). Circulating plasma
cell-free HPV-DNA assessment was also performed pre-, intra-,
and posttherapy by digital droplet PCR (Supplementary
Methods, available online).

Independent Cohort for the Testing of Correlative
Findings

We obtained a set of 19 cases from a Mayo Clinic study
(ClinicalTrials.gov identifier, NCT01932697) of low-dose adju-
vant radiotherapy to 30 Gy with concurrent docetaxel as an

independent cohort for the testing of the genomic findings
stemming from the analysis of the patients from NCT00606294
(13,36). Nine of these patients developed recurrence (either
locoregional or distant) and 10 are disease free (Supplementary
Methods, available online).

Results

Patients

Nineteen patients were enrolled (Table 1). All patients under-
went resection of their primary tumor, with a median size of
1.75 cm (range ¼ 0.7-2.7 cm; Supplementary Table 1, available
online). Two of 3 patients with unknown primary tumors under-
went bilateral tonsillectomies, and 1 underwent an ipsilateral
tonsillectomy. The median time between surgery and start of
radiotherapy was 4.8 weeks (range ¼ 3.1-12.7 weeks).
Pretreatment 18F-FMISO PET scans (n¼ 19) were obtained at a
median of 1.4 weeks (range ¼ 0-2.86 weeks) before the initiation
of chemoradiotherapy. Of these 19 pretreatment 18F-FMISO PET
scans, 6 lacked imaging features of hypoxia, whereas 13 dis-
played pretreatment hypoxia (Figure 1). One patient with a posi-
tive pretreatment 18F-FMISO PET developed an intercurrent
illness with prolonged hospitalization unrelated to his cancer or
treatment; this patient was removed from the study and re-
ceived standard treatment with 70 Gy of radiotherapy with che-
motherapy. For the remaining 12 patients with positive
pretreatment 18F-FMISO PETs, a repeat 18F-FMISO PET scan was
performed to assess early response to chemoradiotherapy at a
median of the 10th radiation fraction (range ¼ sixth to 10th frac-
tion). Of these patients, 9 had resolution of hypoxia. Together
with the 6 patients without pretreatment hypoxia, a total of 15
patients were deescalated to 30 Gy (Figure 1; Supplementary
Figures 2 and 3, available online). One of the 15 deescalated

Table 1. Patient characteristics (n¼ 19)a

Characteristic No. (%)

Sex
Male 16 (84.2)
Female 3 (15.8)

Age, median (range), y 57 (44-70)
Smoking

Never 11 (57.9)
<10 pack-years 6 (31.6)
>10 pack-years 2 (10.5)

Primary site
Tonsil 11 (57.9)
Base of tongue 5 (26.3)
Unknown primary 3 (15.8)

T class
1 11 (57.9)
2 5 (26.3)
X 3 (15.8)

N class
1 5 (26.3)
2a 3 (15.8)
2b 11 (57.9)

Stage
III 5 (26.3)
IVa 14 (73.7)

aClinical, Demographic, and American Joint Committee on Cancer 7th edition

staging characteristics of patients enrolled in the study.
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patients had a clinically significant protocol deviation (receipt
of only 1 cycle of cisplatin).

Pathologic and Clinical Outcomes

Median follow-up was 34 months (range ¼ 18-41 months).
Eleven of the 15 patients who received 30 Gy had a pCR on post-
treatment neck dissection (Figure 2A). Of the 4 patients with re-
sidual disease, only 1 treated per protocol had clearly clinically
significant residual disease; notably, this patient developed
rapid tumor regrowth shortly after treatment as detected by
monthly posttreatment MRI (Supplementary Figure 4, available
online). Two patients with residual disease had minimal foci of
uncertain viability (Supplementary Figure 4, available online)
and did not receive any further treatment. The sole patient
deescalated who deviated from the protocol developed

progressive locoregional disease. Of the 2 patients with longer
than a 10 pack-year smoking history, neither of whom was an
active smoker, 1 patient had minimal residual disease at neck
dissection (Supplementary Table 1, available online). Two-year
locoregional control, progression-free survival, and overall sur-
vival for the deescalated cohort per protocol were 100% (95%
confidence interval [CI] ¼ 100% to 100%), 92.9% (95% CI ¼ 80.3%
to 100%), and 92.9% (95% CI ¼ 80.3% to 100%), respectively. Two-
year locoregional control, progression-free survival, and overall
survival for all 19 patients enrolled in study were 94.4% (95% CI
¼ 84.4% to 100%), 89.5% (95% CI ¼ 76.7% to 100%), and 94.7%
(95% CI ¼ 85.2% to 100%), respectively (Supplementary Figure 5,
available online).

Mean weight loss during therapy among deescalated
patients was 4.3% of starting body weight (range ¼ �9.4% to
þ1.6%). In these patients, no grade 3 acute toxicity during ther-
apy was observed for dermatitis, mucositis, or dysphagia

(n = 19) (n = 12)

Off study
(n = 1)*

Positive
(n = 13)

Negative
(n = 6)

Negative
(n = 9)

Positive
(n = 3)

Standard 
Chemo-RT

(70 Gy; n = 4*)

Deescalated Rx
(30 Gy; n = 15)

Cases for 
correlative analysis

(n = 17)

Sufficient material
(n = 14)

Cases with
 intra-tx FMISO PET
& sufficient material

(n = 3)

Pretreatment
pathology

Posttreatment
pathology

Pretreatment Intratreatment
(2 weeks)

End of treatment
(4 weeks)

Posttreatment
(1 month)

Posttreatment
(2 months)

Posttreatment
(3 months)

Posttreatment
FDG PET and CT

 (3 months)

18FMISO
PET/CT

Intratreatment
FDG PET/CT
Pretreatment

18FMISO
PET/CT

Pretreatment

Patients
enrolled

(n = 19)

Pretreatment 
FMISO scan

Intratreatment 
FMISO scan Posttreatment

Figure 1. Precision radiotherapy (RT) and longitudinal imaging. Top) Study schema and results of pre- and intratreatment fluorine-18-labeled fluoromisonidazole posi-

tron emission tomography (18F-FMISO PET) scans (see also Supplementary Figure 1, available online). One patient was removed from the study before his intratreat-

ment scan because of an unrelated medical illness and received the standard 70 Gy of chemo-RT. Bottom) In the illustrated case, intratreatment hypoxia resolved after

the 10th fraction of treatment. Intratreatment 18F-FMISO PET demonstrates resolution of hypoxia. Weekly on-therapy and monthly posttreatment monitoring of ther-

apy with T2-weighted magnetic resonance imaging was performed. Increasing T2-hyperintensity during therapy is consistent with solid tumor turning into fluid, al-

though the anatomic size of the gross nodal disease did not decrease. Posttherapy, the involved lymph node slowly regressed (selected images shown). Posttreatment

PET and computed tomography (CT) demonstrated resolution of FDG avid disease, and subsequent neck dissection demonstrated complete pathologic response. *Note,

one patient was removed from study due before his intra-treatment scan due to an unrelated medical illness, and was analyzed in standard 70Gy Chemo-rt group.
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(Table 2). No deescalated patient required placement of a
feeding tube. Changes in the MD Anderson Dysphagia Inventory
(37) and a prospective xerostomia questionnaire (38) (scale ¼
0-100) increased from baseline by 6.6 and 18.6 points at
4 months, respectively, and by 2.8 and 12.3 points at 2 years,
respectively.

On-Therapy Imaging and Circulating HPV-DNA Results

We next sought to determine if functional imaging or circulat-
ing viral-DNA could identify pCR at surgery. Compartmental
analysis of 18F-FMISO PET scans (Supplementary Figure 2, B
available online) identified that the 4 patients with pathologic

A

B C D

Figure 2. Pathologic results and imaging correlates. A, top) Pathologic response (percentage of viable tumor, 100%) at the time of neck dissection is shown in 15 patients

who received 30 Gy. Note that 2 of the 4 patients with residual disease had clinically significant abnormal histologic appearance with unclear viability (see also

Supplementary Figure 4, available online). Four of the 19 patients who were not deescalated did not undergo a neck dissection, and all remain without evidence of dis-

ease. Bottom) Compartmental analysis of hypoxia levels (k3) in cases, pretherapy, and intratherapy is shown (see also Supplementary Figure 2, available online). Note

that tumors with no pretherapy hypoxia did not undergo intratherapy scans, and all of these tumors had a pathologic complete response (pCR) (see 2B). Tumor perme-

ability and perfusion (Ktrans on dynamic contrast enhanced-magnetic resonance imaging [MRI]) was numerically higher in patients with a pCR (P¼ .08; see also

Figure 3A). Relative kurtosis (a surrogate for tumor microstructure on diffusion-weighted–MRI) changed more rapidly in patients with CR in the first week intratreat-

ment (P¼ .01; see also Figure 3C). B) Pathologic status by baseline fluorine-18-labeled fluoromisonidazole (18F-FMISO) PET scan. Zero of 6 patients with normoxia at

baseline had residual disease at the time of neck dissection compared with 4 of 9 patients with baseline hypoxia (P¼ .1, Fisher’s exact test). C) k3 values at baseline for

patients with pCR tended to be lower, although this was not statistically significant (P¼ .11, t test). D) For the 9 patients with baseline hypoxia, compartmental analysis

revealed a difference in K1 between those with residual disease and those with complete response (P¼ .03, t test).
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residual disease displayed pretreatment hypoxia and numeri-
cally higher levels of hypoxia (k3) pretreatment (Figure 2, A-C)
but also had statistically significantly lower levels of perfusion
(K1, Figure 2, D). Pretreatment dynamic contrast enhanced-MRI
analyses confirmed a difference in perfusion and permeability
in patients with residual disease vs those with pCR (Figures 2
and 3, A). Tumor volume on serial MRI demonstrated slow ana-
tomic regression during treatment and did not correlate with
pCR (Figure 3, B). Diffusion-weighted-MRI revealed changes in

the apparent diffusion coefficient (a surrogate for tumor cellu-
larity) and relative kurtosis (a surrogate for microstructure) sta-
tistically significantly correlated with pCR at time of surgery
(Figures 2 and 3, C and D). Circulating viral DNA levels did not
correlate with residual disease at neck dissection
(Supplementary Figure 6, available online).

Whole-Genome Sequencing (WGS) and RNA Sequencing

To derive new biologic premises to guide future deescalation
efforts, we performed an exploratory analysis with WGS (mean
coverage¼ 57�; range ¼ 36�-75�) and transcriptome sequenc-
ing (median 154 million reads; range ¼ 93-279 million reads) to
identify molecular predictors of response in samples from 17
patients. For these analyses, the 2 patients who received addi-
tional therapy and those who received 70 Gy were considered as
nonresponders to 30 Gy. Analysis of nonsynonymous mutations
and recurrent copy number events identified typical alterations
associated with HPV-related malignancy (2,39,40), including re-
current somatic genetic alterations affecting PI3KCA (29%) and

Table 2. Radiotherapy-related acute toxicity in deescalated patients
(n¼ 15)a

Toxicity

CTCAE v4.0 toxicity, No. (%)

0 1 2 3-5

Mucositis 5 (33.3) 8 (53.3) 2 (13.3) 0
Dysphagia 4 (26.6) 10 (66.6) 1 (6.6) 0
Dermatitis 3 (20.0) 12 (80.0) 0 0

aCTCAE ¼ Common Terminology Criteria for Adverse Events.

Pre-
thera

py

Wee
k 1

Wee
k 2

Wee
k 3

Post-
thera

py
0

10

20

30

40

50

Tumor Cellularity

Time

Re
la

tiv
e 

AD
C 

(%
)

CR
Residual

*

Pre-
Thera

py

Wee
k 1

Wee
k 2

Wee
k 3

Post-
Thera

py
0

5

10

15

Time

To
ta

l T
um

or
 V

ol
um

e 
(c

m
3 )

Tumor Volume 

CR
Residual

Pre-
Thera

py

Wee
k 1

Wee
k 2

Wee
k 3

Post-
Thera

py
0

5

10

15

20

Microstructure Change

Time

Re
la

tiv
e 

Ku
rto

si
s 

(%
) CR

Residual

* **

CR

Res
idual

0.0

0.1

0.2

0.3

0.4

Tumor Perfusion and Permeability

Pathologic Response

Ktra
ns

 (m
in

-1
)

B

D

A

C

Figure 3. Weekly magnetic resonance imaging (MRI) changes and pathologic response. A) Pretreatment dynamic contrast enhanced-MRI–derived quantitative Ktrans

(min�1, a surrogate for tumor perfusion and permeability) demonstrated that Ktrans is lower in patients with residual disease (P¼ .08; Wilcoxon rank sum test). Ktrans es-

timated from a standard Tofts model was incorporated into the shutter speed model. B) Tumor volume, determined from T2-weighted images, gradually decreased

during therapy without a statistically significant difference between those with complete pathologic response and those with residual disease. C) Relative kurtosis (a

surrogate for tumor microstructure) changed more rapidly in patients with pathologic complete response immediately during therapy and remained different from

those with residual disease (P¼ .01, P¼ .08, P¼ .03, and P¼ .007 for week 1, 2, 3, and posttherapy, respectively; all Wilcoxon rank sum test). D) Changes in apparent diffu-

sion coefficient (a surrogate for tumor or tissue cellularity) were not statistically significantly different between pathologic response groups until the end of therapy

(P¼ .17, P¼ .09, P¼ .69, and P< .001 for week 1, 2, 3, and posttherapy, respectively; all Wilcoxon rank sum test).
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A

B

C

Figure 4. Whole-genome sequencing (WGS) analysis of the Memorial Sloan Kettering Cancer Center (MSKCC) trial. A) Tumor mutation burden (TMB, mutation/Mb),

“genome altered” (percentage of the tumor genome not in a diploid state), genes commonly mutated in human papillomavirus (HPV)-related oropharyngeal cancer,

and mutational signatures in the 17 tumor-normal pairs subjected to WGS. CD4 results of T-cell score and HPV Class 1 class are derived from RNA-sequencing analysis.

HPV Class 1 class is a single-sample Gene Set Enrichment Analysis of a recently described, poor prognosis, HPV-related expression program (41). HPV subtyping of each

case is presented in the annotation bar along with whether the virus is integrated into the host genome. B) Clonal reconstructions (left) of a responder (MSK16;

Figure 4, B [top]) and nonresponder (MSK20; Figure 4, B [bottom]) to low-dose radiotherapy, with clones shown as numbered circular nodes (Supplementary Methods,

available online). Circular cells labeled “N” represent the initial normal cell from which the tumor derived, with the x-axis representing increasing accumulation of

mutations. The cellular prevalence of each clone is represented by the height of its corresponding polygon. Along the y-axis, with maximal frequency limited by tumor

purity. Circos plots (Figure 4, B, right) of both cases demonstrate differences in mutational signatures and structural events (see main text). Tracks are organized from

outside to inside according to legend. C) The proportion of deletions with microhomology is lower among patients who did not respond to low-dose chemoradiother-

apy (P¼ .02, Wilcoxon rank sum test).
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TRAF3 (18%; Figure 4, A; Supplementary Figure 7, available on-
line; Supplementary Tables 2 and 3, available online). RNA se-
quencing suggested that responding tumors were more likely to
have a productive immune response and less likely to have the
previously described HPV Class 1 expression program (41), al-
though neither association was statistically significant
(Figure 4, A; Supplementary Figure 7, available online), poten-
tially due to the small sample size. Clonal reconstruction of the
tumors analyzed in this study demonstrated that driver muta-
tions were early events in oncogenesis and that nonresponding
tumors displayed numerically greater clonal complexity
(Figure 4, B; Supplementary Figure 8, available online).

HPV viral replication is facilitated by virus-induced DDR de-
regulation, which has been posited to mediate the radiosensi-
tivity of HPV-related OPCs (6,18-22). Hence, we used WGS to
detect tumors with potential DDR and DSB repair defects and to
define whether these may be associated with a favorable re-
sponse to 30 Gy. WGS revealed that the pattern of single base–
substitution mutational signatures was typical of HPV-related
malignancies and dominated by aging-related processes and
APOBEC-related mutagenesis (Figure 4, A and B) (42). The pro-
portion of small deletions with microhomology, a genomic find-
ing previously reported in HNCs and HPV-related cancers and is
indicative of a DSB DNA repair defect (25,42-44), was found to be
statistically significantly higher in responding patients than in
nonresponding patients (P¼ .02; Figure 4, C).

We next obtained representative tumor material from a co-
hort of 19 patients from the Mayo Clinic (ClinicalTrials.gov:
NCT0193269713) who were treated on a deescalation protocol,
but in the postoperative setting (30 Gy concurrent with doce-
taxel). WGS demonstrated that 3 cases harbored RB1 loss-of-
function mutations, which are uncommonly found in HPV-
related cancers; 2 of these patients developed recurrences
(Figure 5, A; Supplementary Figure 10, available online).
Consistent with the results of the MSK trial cohort, patients in
the Mayo Clinic cohort who responded to 30 Gy displayed a
higher proportion of deletions with microhomology than those
with recurrence (P¼ .03; Figure 5, B). Patients in the Mayo Clinic
cohort who developed recurrent disease also had tumors with
more complex clonal structures, less activation of the immune
system, and more HPV class 1 expression, although none of
these associations was statistically significant (Figure 5, C;
Supplementary Figures 9 and 10, C and D, available online).

Discussion

In this pilot study, we have shown that a 60% reduction of radia-
tion to 30 Gy, on the basis of noninvasive, patient-specific 18F-
FMISO PET treatment response using hypoxia as a surrogate for
radiosensitivity, is safe and feasible for HPV-related OPC. Using
this approach for individualized treatment, we deescalated the

A B

C

Figure 5. Whole-genome sequencing analysis of the Mayo Clinic cohort. A) Mutation burden (mutation/Mb), “genome altered” (percentage of the tumor genome not in

a diploid state), genes commonly mutated in human papillomavirus (HPV)-related oropharyngeal cancer, and mutational signatures in the 19 tumor-normal pairs

from the Mayo Clinic Cohort. CD4 T-cell score is derived from immune deconvolution of RNA sequencing. HPV subtyping of each case is presented in the annotation

bar along with whether the virus is integrated into the host genome. B) The proportion of deletions with microhomology is lower in patients who did not respond to

low-dose postoperative chemo-radiotherapy (P¼ .03, Wilcoxon rank sum test). NED ¼ no evidence of disease. C) Clonal reconstructions of a responding and nonres-

ponding case from Mayo Clinic, with clones shown as numbered circular nodes (Supplementary Materials, available online). Circular cells labeled “N” represent the ini-

tial normal cell from which the tumor derived, with the x-axis representing increasing accumulation of mutations. The cellular prevalence of each clone is represented

by the height of its corresponding polygon, along the y-axis, with maximal frequency limited by tumor purity.
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treatment of approximately 80% of HPV-related OPC patients,
and no grade 3 radiation-related toxicity was observed. These
findings compare favorably with those from a recent deescala-
tion study that reported 40% rates of grade 3 mucositis and dys-
phagia (12). Further, we anticipate near elimination of the usual
long-term treatment-related complications at this low thera-
peutic dose (45).

Because HPV is known to dysregulate the DDR and DSB re-
pair pathways to facilitate viral integration and replication, we
performed WGS to determine whether we could identify a DNA
repair defect that may underlie response to 30 Gy. WGS allows
for more sophisticated analysis of mutational signature and
identified statistically significant differences in deletions with
microhomology between patients who responded to 30 Gy and
those who did not in both the MSK and May Clinic cohorts.
These findings support the notion that response to chemoradio-
therapy in patients with HPV-related OPCs may depend on the
type of genetic instability and/or DNA repair defects the tumors
harbor. Tumor hypoxia has been shown to inhibit homologous
recombination DNA repair of DSBs (27,46), and expression of the
E7 HPV protein results in downregulation of nonhomologous
end-joining by disabling RNF168 (22). Hence, the enrichment in
deletions with microhomology identified in HPV-related OPC
patients who responded to deescalated radiotherapy analyzed
here may have resulted in preferential DSB repair by an error-
prone repair pathway, micro-homology–mediated end-joining
(22,25).

This study has several limitations. Although we have deter-
mined the feasibility of a personalized approach for patients
with HPV-positive OPC, because of sample size, the efficacy of
the therapeutic strategy described here will require validation
in a larger prospective study. Similarly, even though we corre-
lated genomic biomarkers with outcomes in 2 independent
studies, the total sample size remains small, and these results
will also require validation in larger studies before they can be
used clinically. Further, whether 30 Gy of chemo-radiotherapy is
sufficient to control disease long term without a neck dissection
remains to be determined. Hence, we have initiated a larger
phase II study (n¼ 150; ClinicalTrials.gov number,
NCT03323463) removing post chemo-radiotherapy neck dissec-
tion, which is currently underway. Last, how differences in the
2 concurrent chemotherapy regimens used in the study may af-
fect these results is uncertain and warrants further investiga-
tion. Interestingly, another prospective clinical trial
(NCT01932697) supports the contention that HPV-related OPC
patients can receive markedly reduced doses of radiotherapy,
albeit in the postoperative setting (13).

Despite these limitations, the use of biological characteris-
tics of tumors has allowed for a successful deescalation of radi-
ation therapy, laying the foundation as a proof of concept for
future studies delivering (chemo)radiation therapy in a biology-
driven rather than empiric manner. Our results also provide evi-
dence that a personalized approach, potentially guided by imag-
ing and WGS-based biomarkers, may result in excellent
therapeutic response while minimizing debilitating radiation-
induced toxicity.
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